Abstract. For an airborne radar system, the detection of moving target under the ground clutter has become the research hotspot to worldwide scholars. And the detection of the slow-moving target near the main clutter area is now regarded as one of the difficulty problem. In order to reduce the Minimum Detectable Velocity (MDV) of moving target, a novel slow-moving target detection method is presented for airborne MIMO radar, which transmits Doppler frequency movable waveform (DFMW). By combining the advantages of the MIMO radar and the DFMW, the proposed method could realize the suppression of ground clutter and the detection of the slow-moving target near main clutter area effectively. Simulation results confirm the effectiveness of the proposed method.
Introduction
Space-time adaptive processing (STAP) is an effective technique to suppress strong ground clutter and detect slow-moving targets in airborne radar systems [1] , [2] . Originally, the theory of STAP is developed for conventional airborne phased array radar system, which can be viewed as a single-input multiple-output (SIMO) radar system. However, although STAP technique for SIMO radar has been well studied, its capability of clutter suppression need to further improve. Compared with SIMO radar, multiple-input multiple-output (MIMO) radar enjoys better spatial resolution because of the much larger virtual array than the physical array [3] . Therefore, focusing on the significant potentials for clutter suppression, MIMO-STAP technique has drawn considerable attentions in recent years [4] , [5] .
On the principle of STAP theory, the degree of freedom (DOF) of STAP processors should be larger than that of clutter. Therefore, the estimation of clutter DOF for MIMO radar has been intensively studied. Chen gave the extension of Brennan's rule to the MIMO radar case in [6] ; Xie estimated the clutter DOF of the MIMO-phased array radar in [7] ; Li derived the estimation of clutter DOF of wideband MIMO radar in [8] . These researches have made great contributions to the successful design of STAP processors for MIMO radar.
Our research shows that the stepped-frequency waveform could produce nonlinear modulation on Doppler frequency of the target and clutter. The nonlinear modulation effect can also expand the difference of Doppler frequency of the target and clutter, even if the targets are slow or approximate tangential movement. The research also indicates that linear frequency modulation (LFM) and LFM subpulse stepped-frequency waveforms can also produce nonlinear modulation on Doppler frequency of the target and clutter, which is the same as the stepped-frequency waveform. In order to distinguish with other common signal waveform, the waveform, which could expand the difference of Doppler frequency of the target and clutter through nonlinear modulation effect, is called Doppler frequency movable waveform (DFMW). Because the DFMW can expand the difference of Doppler frequency of the target and clutter, it would provide a new technical approach for ground clutter suppression and slow-moving target detection.
In this paper, we develop a effective detected method for slow-moving target by combining the advantages of the MIMO radar and the DFMW, the proposed method could realize the suppression of ground clutter and the detection of the slow-moving target near main clutter area.
Signal Model for Airborne MIMO Radar
Consider a monostatic side-looking airborne MIMO array radar with N receiving elements uniformly spaced by / 2
and M transmitting elements uniformly spaced by 2
 is the wavelength. Assume that the carrier aircraft is at the altitude H with the constant moving velocity V. The number of pulses at a coherent processing interval (CPI) is K, and the pulse repetition frequency (PRF) is r f . The system transmits an orthogonal waveform set with carried frequency 0 f ( 0 c f   ), and these waveforms will be extracted by M matched filters at each receiving element. The geometry of carrier aircraft and array for MIMO radar is shown in Figure 1 . Thus, for the mth waveform and kth pulse, the clutter echoes on the nth receving element after matched-filering can be expressed as . Assume that there exist one target in the same range cell as the clutter, so the signal echo of target on the nth receving element for the mth waveform and kth pulse can be expressed as 
where f  is the frequency increment across the transmitting elements, 0 f is the reference carrier frequency, f  and 0
The transmitted signal of the nth element can be expressed as
where E is the total transmitted energy, 1 r r T f  denotes the radar pulse repetition duration,   m t  indicates the unity-energy baseband waveform of the nth element, and they satisfy
where  denotes arbitrary time delay, the superscript * denotes conjugate operation.
According to Equation (1), in the MIMO radar with DFMW, the clutter echoes on the nth receving element for the mth waveform and kth pulse can be expressed as 
,  and  denote Kronecker and Hadamard product respectively. Meanwhile, for the target located in the same range cell as the clutter, its vector form of the kth pulse can be expressed as
where
is the receiving spatial steering vector of target,
is the transmitting spatial steering vector of target,
And then, the velocity of the carrier aircraft V is used to compensate its effect on the data of clutter and target, which can be expressed as
Therefore, several STAP algorithms can be used to suppress the clutter based on the different modulation effect on the target and clutter.
Simulation Results
In this section, simulations are conducted to verify the effectiveness of the proposed method. We assume the simulated scenario has the following parameters: monostatic side-looking airborne MIMO array radar with 8 transmitting/receiving uniform elements at the altitude 6000m with constant velocity 140m/s, wavelength 0.23m, so the space of transmitting/receiving array is 0.115m, clutter-to-noise ratio (CNR) 60dB, and pulse number is 8. A target with normalized Doppler frequency -0.2 and spatial frequency 0 is introduced at the location of range cell 151, and the velocity of the target is 15m/s.The spatial spectrum estimation obtained by the proposed method is presented in Figure 2 , which demonstrate that the new method could distinguise the clutter and target with high resolution. Figure 3 shows the output power which has been normalized along the range cell for the proposed method. The 'Non' line shows that the target is completely buried in the surrounding clutter environment before STAP algorithm adaptive processing. Compared with the 'Non' line which can hardly obtain an accurate estimation of the clutter covariance matrix of test cell, the proposed algorithm can effectively suppress the clutter of all range cells, make the output power of No.162 cell 24.68dB beyond the maximum output of other cells, so the detection of slow-moving target is becoming true. 
Summary
In this paper, the concept of transmits Doppler frequency movable waveform (DFMW) is introduced firstly. Then based DFMW, a novel slow-moving target detection method is presented for airborne MIMO radar. By combining the advantages of the MIMO radar and the DFMW, the proposed method could realize the suppression of ground clutter and the detection of the slow-moving target near main clutter area effectively. The simulation results indicate that the proposed algorithm can effectively suppress the clutter of all range cells, make the output power of cell 24.68dB beyond the maximum output of other cells, so it is suitable for slow-moving target detection under clutter environment.
